
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 1

/2
2/

20
26

 1
0:

47
:0

3 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Modification of M
College of Mechanical and Electrical Engi

Harbin, 150001, China

Cite this: RSC Adv., 2023, 13, 14171

Received 13th March 2023
Accepted 2nd May 2023

DOI: 10.1039/d3ra01636f

rsc.li/rsc-advances

© 2023 The Author(s). Published by
g/Al-LDH by vanadate: effects on
tribological properties and corrosion resistance

Lixia Ying, Di Wang, Chongyang Nie, * Tianlin Zhu, Fangping Cao, Ruxin Liu
and Zhiyong Wang

In this study, Mg/Al layered double hydroxide (LDH) composite coatings were prepared on the surface of

anodized 1060 aluminum alloy by an in situ growth method, and then the vanadate anions were

embedded in the interlayer corridor of LDH by an ion exchange process. The morphology, structure and

composition of the composite coatings were investigated using scanning electron microscopy, energy

dispersive spectroscopy, X-ray diffractometry and Fourier transform infrared spectroscopy. Ball-and-disk

friction wear experiments were carried out to measure the coefficient of friction, the amount of wear,

and the morphology of the worn surface. The corrosion resistance of the coating is studied using

dynamic potential polarisation (Tafel) and electrochemical impedance spectroscopy (EIS). The results

showed that the LDH composite coating with unique layered nanostructure as a solid lubricating film

can effectively improve the friction and wear reduction performance of the metal substrate. Chemical

modification treatment by embedding vanadate anions in the LDH coating leads to the change of LDH

layer spacing and the increase of interlayer channels, resulting in the best friction and wear reduction

and corrosion resistance of the LDH coating. Finally, the mechanism of hydrotalcite coating as a solid

lubricating film for friction and wear reduction is proposed.
1 Introduction

Aluminum alloys have the advantages of low density, high
mechanical strength, good electrical and thermal conductivity,
and excellent manufacturability, making them widely used in
automotive, aerospace, transportation, and marine
applications.1–3 However, aluminum and its alloys are suscep-
tible to corrosion in aqueous solutions, and their higher coef-
cient of friction and poor wear resistance limit their large-scale
use. In addition, in exposed atmospheric environments,
aluminum alloys generate a protective nanoscale lm on their
surfaces that is highly susceptible to damage,4 which can lead to
the breakdown and corrosion of this lm in some extreme
environments.5,6 In order to further expand the application
range of aluminum alloys, it is of great practical signicance to
make aluminum alloys with good friction and wear reduction
and corrosion resistance at the same time.

Layered double hydroxides are a class of anionic layered
compounds consisting of interlayer anions (An) sandwiched
between positively charged (trivalent and divalent cations)
laminates with the structural general formula
[M2+

1−xM
3+

x(OH)2]
x+(An−)x/n$yH2O, where M2+ is a divalent

metal cation, M3+ is a trivalent metal cation, and An− is the
interlayer anion.7,8 Due to its unique laminar structure, the
neering, Harbin Engineering University,

the Royal Society of Chemistry
versatility of the combination of laminate cations and interlayer
anions makes LDH highly attractive in practical applications.
Currently, LDH has been widely used in metal corrosion
protection,9–11 frictional wear,12,13 etc.

The potential applications of LDH for the protection of
metals and alloys have been extensively investigated and
hydrotalcite lms have been successfully prepared onmetal and
alloy substrates. For example, Wu et al.14–17 synthesized a series
of superhydrophobic and corrosion-resistant hydrotalcite lms
on magnesium alloys and investigated the in situ growth
behavior of hydrotalcite lms, proposing a SK growth model
from two-dimensional growth (2D) to three-dimensional growth
(3D) to explain the transition process from anodic to hydro-
talcite lms. Chen et al.18,19 used a two-step method to growMg–
Al hydrotalcite lms in situ on magnesium alloys, rst forming
a precursor lm with a reticulated crack structure and then
transforming the lm into a dense and homogeneous hydro-
talcite lm in a post-treatment. Iqbal M. A. et al.20–24 prepared
various types of hydrotalcite lms on aluminum alloys and
investigated the effect of synthesis conditions on the geometry,
growth rate, and corrosion resistance of hydrotalcite lms.
Recently, more researchers have shown great interest in
growing hydrotalcite lms on anodic lms rather than directly
on bare metal substrates.25–29

LDH can achieve a variety of special functions due to its
interlayer anion replaceable property. The intercalation of some
organic anions increases the height of the interlayer channels of
RSC Adv., 2023, 13, 14171–14180 | 14171
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LDH, which gives the upper and lower laminates a larger rela-
tive slip space and plays a good role in friction reduction.30,31

The LDH is modied by introducing ions with corrosion
inhibitor function to improve its corrosion resistance,32–36 in
which the blocking of corrosive substances and the release of
corrosion inhibitor will delay the process of coating failure, and
the degree of coating protection varies according to the corro-
sion inhibitor anion, and among many corrosion inhibitors,
vanadate has an excellent corrosion inhibition effect. In
a corrosive environment, LDH loaded with vanadate plays the
dual role of capturing corrosive chloride ions to reduce the
chloride ion concentration and releasing the anionic corrosion
inhibitor to the metal surface and adequately protecting the
surface.11 LDH lms double-doped with rare earth elements
cerium and vanadate can maintain good stability in NaCl
solutions, mainly attributed to the synergistic effect of cerium
ions and vanadate anions.37 Vanadate has been widely used as
a corrosion inhibitor to modify LDH coatings, however, the
tribological properties of vanadate intercalated LDH have not
been reported, especially the dual effect of vanadate on the
tribological properties and corrosion resistance of LDH
composite coatings.

In this work, LDH composite lm layers loaded with vana-
date ions were prepared on anodized aluminum alloys by
a simple two-step process, aiming to investigate the effects of
vanadate ions on the corrosion resistance and tribological
properties of LDH composite lm layers. The morphology and
microstructure of the composite lm layers were studied by
scanning electron microscopy (SEM), Fourier transform
infrared spectroscopy (FT-IR) and X-ray diffraction (XRD). The
corrosion behavior in 3.5% NaCl solution was investigated
using kinetic potential and electrochemical impedance spec-
troscopy (EIS). Tribological tests were carried out using a ball-
and-disk friction tester, and the wear mechanism of the LDH
composite lm layer as a solid lubricating lm was proposed
based on the analysis of friction coefficient, wear weight loss,
and wear surface morphology.

2 Experiment
2.1 Experimental materials and methods

The substrate was 1060 aluminum alloy, and the following
chemicals were used in this work: magnesium nitrate hexahy-
drate (Mg(NO3)2$6H2O, $99.0%), ammonium nitrate (NH4NO3,
$99.0%), ammonia solution (NH3$H2O), sodiummetavanadate
(NaVO3, $99.5%), sodium hydroxide (NaOH), and deionized
water was used as solvent. Fig. 1 briey illustrates the process of
preparing a layered double hydroxide composite coating on an
aluminum alloy substrate. Before anodizing, the substrate is
polished with water-resistant sandpaper, ultrasonically cleaned
in a mixture of ethanol and acetone for 5 min to remove surface
oil, alkaline cleaned in a sodium hydroxide based alkaline
cleaning solution and acid cleaned in a 40 g L−1 nitric acid
solution, and repeatedly cleaned with deionized water at the
end of each step. Anodic oxidation is carried out in 0.3 mol L−1

phosphoric acid solution, and the outside of the electrolytic cell
is cooled by circulating water to maintain the temperature at
14172 | RSC Adv., 2023, 13, 14171–14180
about 20 °C. The oxidation is carried out at a current density of
0.01 A cm−2 for 60 min, and graphite is used as the cathode
during the anodic oxidation. Aer the anodic oxidation process,
the specimens were rinsed with deionized water and dried at
room temperature. Mg(NO3)2$6H2O (2.56 g) and NH4NO3 (4.8 g)
were dissolved in deionized water (100 ml) and the pH was
adjusted to 10 by slowly adding 1% ammonia solution, and the
solution was put into an autoclave (100 ml), and the aluminum
substrate was immersed vertically in the above solution and
reacted hydrothermally at 100 °C for 18 h. Aer the reaction, the
aluminum plate with LDH was removed and rinsed with
deionized water and dried at room temperature. The interca-
lation modication of hydrotalcite was achieved by the anion
exchange reaction of hydrotalcite precursors with nitrate
structures. An aqueous solution of 0.1 M NaVO3 was prepared,
and the pH was adjusted to 8.4 by slowly adding dilute aqueous
sodium hydroxide dropwise. Subsequently, the solution was
placed in an autoclave, and the aluminum substrate with LDH
coating was dipped vertically into the aqueous NaVO3 solution
and reacted hydrothermally at 50 °C for 0.5 h, 1 h, 1.5 h and 2 h.
Thereaer, the oxidized 1060 aluminum alloy, the LDH before
and aer vanadate modication is called AAO, LN and LV-0.5,
LV-1, LV-1.5, LV-2.
2.2 Testing and characterization methods

In this paper, a Hitachi SU5000 high-tech thermal eld type
eld emission scanning electron microscope was used for
electron microscope observation (SEM) and energy dispersive
analysis (EDS). The DX-2700B X-ray diffractometer was used to
analyze the crystal structure of the sample with a scanning angle
of 5°–70°, a speed of 5° min−1 and a step width of 0.02°. Spec-
troscopic analysis was performed using a Spectrum 100 series
Fourier transform infrared spectrometer from PerkinElmer,
USA, to obtain the functional groups of the samples. Electro-
chemical tests were used to evaluate the corrosion protection
properties of the coatings. The corrosion resistance of the
prepared samples was tested using the Shanghai Chenhua
CHI760E electrochemical workstation, which included poten-
tiodynamic polarization (Tafel) and electrochemical impedance
spectroscopy (EIS) tests. The testing was conducted using
a three-electrode two-circuit system, in which samples with
different lm layers were used as the working electrode,
a saturated calomel electrode was used as the reference elec-
trode, and a platinum wire electrode was used as the counter
electrode. Due to the presence of a large number of ions and
redox substances in seawater, these substances have a signi-
cant impact on the corrosion of materials. To simulate the
chemical composition of seawater, a 3.5 wt% NaCl solution was
used as the corrosion testing solution and tests were conducted
at room temperature. The tribological properties of the samples
were evaluated by using SFT-2M ball and disc type tribological
wear tester with a speed of 200 rpm, a load of 100 g and a time of
30 min. Aer the friction experiments, the tribological proper-
ties of the samples were evaluated by analyzing the friction
coefficient, wear volume and abrasion marks.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic diagram of the experimental flow: (a) anodizing of 1060 aluminum alloy, (b) in situ synthesis of LN and (c) in situ synthesis of LV.
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3 Results and discussion
3.1 Surface morphology and EDS analysis

The LDH composite coating is shown in Fig. 2. From Fig. 2a, it is
clear that LN nanosheets have a uffy morphology and dense
Fig. 2 SEM images and EDS data of LN composite coating (a) and LV com
(e).

© 2023 The Author(s). Published by the Royal Society of Chemistry
and uniform growth of hydrotalcite microcrystals on the
surface. Compared with LN, the vanadate intercalation changed
the surface morphology of LDH. the reaction time was 0.5 h, the
basic morphology of LDH nanosheets did not change signi-
cantly, and they still showed a uffy shape, but the overall size
posite coating at different reaction times: 0.5 h (b), 1 h (c), 1.5 h (d), 2 h

RSC Adv., 2023, 13, 14171–14180 | 14173
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of LDH nanosheets decreased and the surface morphology was
sparse, and when the reaction time was 1 h, the shape of LDH
nanosheets stretched from the cluster uffy shape of the
precursor to a slender hair-like shape, and the decrease in size
was attributed to the fragmentation caused by the rapid
exchange of initial ions, and the surface of the lm became
more dense. This can be attributed to the increase in substrate
spacing due to vanadate intercalation; when the reaction time
continued to increase, the hydrotalcite lm morphology
changed considerably, and it was no longer the uffy shape of
the precursor but the hydrotalcite nanoakes stacked together
in a scale-like covering on the surface.

As seen from the EDS, LN was found to contain mainly
elemental magnesium, aluminum, nitrogen and oxygen, which
proves the successful synthesis of LDH using alumina as
a cation source. In the EDS analysis of the hydrotalcite lms
modied with vanadate, elemental vanadium appeared aer
the ion exchange process, a result that proves the successful
intercalation of vanadate anions into the interlayer channels of
LDH.
Table 1 XRD data of LN composite coating and LV composite coating
synthesized under different reaction times

Sample
Reaction time
(h) 2q (°)

Interlayer distance
(003)/nm

Gallery height
(nm)

LN — 9.98 0.88 0.40
LV-0.5 0.5 9.42 0.94 0.46
LV-1 1 9.34 0.95 0.47
LV-1.5 1.5 9.4 0.94 0.46
LV-2 2 9.44 0.93 0.45
3.2 Chemical and phase composition

Fig. 3a shows the XRD spectra of LN and LV composite coatings
synthesized by the in situ growthmethod, and it can be observed
from Fig. 1 that the characteristic diffraction peaks of LDH on
the crystalline planes of (003), (006), (012), and (110) appear
around 2q = 9.98°, 20.18°, 34.34°, and 59.82°, respectively, and
no other spurious peaks appear, and the crystalline. The
diffraction peaks are narrow and sharp in shape with smooth
baselines, indicating the synthesis of LN with good crystallinity,
which is consistent with the results of previous studies.38 It is
worth noting that aer the exchange with vanadate anion, the
characteristic diffraction peaks appearing on (003) and (006)
crystal faces move forward, thus proving that VO3

− enters
between the lamellae.39,40

The interlaminar distances were calculated according to the
Bragg equation (2d sin q = nl) and the corresponding inter-
laminar channel heights were obtained aer deducting the
Fig. 3 XRD spectra (a) and FTIR spectra (b) of LDH-NO-3 and LDH-VO-

14174 | RSC Adv., 2023, 13, 14171–14180
laminate thickness of 0.48 nm41 and the results are shown in
Table 1.

As shown in Table 1, the interlayer channel heights of LV
were all increased aer the ion exchange reaction compared to
LN. From the gure and table, we can see that the LV (003)
synthesized under the condition of t = 1 h has the highest
crystalline diffraction intensity and the largest distance shied
to a small angle, indicating that the LDH synthesized under this
condition has the best crystallinity and the highest interlayer
channel height.

Fig. 3b shows the FTIR spectra of LN and vanadate-loaded
LV. For LN, the peaks located at 3750, 3500, and 1640 cm−1

correspond to symmetric contraction and bending vibrations of
H–O–H, O–H, and water molecules attributed to the presence of
surface absorbed water and interlayer water, the peak located at
1387 cm−1 is designated as the n3 stretching vibration of the NO-
3 group in the hydrotalcite intercalation, and the other bands
observed at 500–800 are due to M–O, M–O–M, and O–M–O
lattice vibrations, with additional bands observed at 2408 cm−1,
which can be attributed to adsorbed CO2.42 Aer the anion
exchange, a new absorption peak appears at 940 cm−1 due to
VO-3 stretching vibrations, indicating the presence of VO-3 in
the intercalation. In addition, it is noteworthy that the absorp-
tion peak of NO-3 is still observed, indicating that nitrate is not
completely replaced by vanadate.43 Based on the above FTIR
spectral analysis, combined with the above microscopic char-
acterization method, we can conclude that VO-3 ions are
3 composite coatings with different reaction times.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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successfully intercalated into the interlayer channels of LDHs
through an anion exchange process.
3.3 Corrosion resistance

The dynamic potential polarization curves of LDH coating and
alumina substrate in 3.5 wt% solution are given in Fig. 4, and
the corrosion potential (Ecorr) and corrosion current density
(icorr) are shown by the polarization test results in Table 2. The
corrosion potential mainly describes the corrosion tendency of
the sample, while the dynamic corrosion is described by the
corrosion current density, and the smaller the corrosion current
density value of the sample the higher its dynamic corrosion
resistance.27 From Table 2, we can know that AAO has the lowest
corrosion potential (−0.85 V) and the highest corrosion current
density (2.159× 10−7 A cm−2) among all samples, which may be
due to the presence of pores on the surface of AAO, thus leading
to its low corrosion resistance. In addition, we can see that the
substrate with LN and LV composite coatings has one and two
orders of magnitude lower corrosion current density compared
to the AAO substrate, which is due to the fact that LDH nano-
sheets seal the surface pores of AAO and protect the substrate,
while the LV composite coating has superior corrosion resis-
tance due to the vanadate anion on the one hand can trap
corrosive chloride ions on the one hand, and release retardants
to protect the substrate surface on the other. Importantly, all
LDH coatings protect the AAO substrate, and LV-1 has the
highest corrosion potential (−0.42 V) and the lowest corrosion
current density (3.421 × 10−9 A cm−2) among all samples,
indicating the best corrosion resistance.

To further provide a characterization of the corrosion inhi-
bition effect of the LDH composite coating, an electrochemical
impedance spectroscopy (EIS) analysis of the corrosion resis-
tance of the coating was performed. The corresponding tting
circuit was depicted in Fig. 5a. In the gure, (1) represents the
equivalent circuit model of the alumina substrate, where Rs is
Fig. 4 Dynamic potential polarization curves of AAO substrate with
LDH composite coating.

© 2023 The Author(s). Published by the Royal Society of Chemistry
the solution resistance, Rfp is the resistance of the substrate
surface lm, CPEfp is the capacitance at the substrate and
interface, Rct is the charge transfer resistance, and Cdl is the
corresponding capacitance. (2) Represents the equivalent
circuit model of LDH and composite-modied LDH, where Rs is
the solution resistance, Rfp is the outer resistance of the coating,
CPEfp is the capacitance at the lm and solution interface, Rfd is
the inner resistance of the lm, CPEfd is the inner capacitance
of the lm, Rct is the charge transfer resistance, and Cdl is the
double-layer capacitance outside the interface.

Fig. 5b is a typical Bode plot, and it is well known that
a higher low frequency impedance modulus (Z) at a lower
frequency represents better corrosion resistance, and it can be
seen from the Bode plot that LV-1 exhibits the maximum
impedance at low frequencies. Meanwhile, Fig. 5c shows
a typical Nyquist plot, from which it can be observed that the
LV-1 coating has the largest radius of curvature indicating that
this sample has the highest corrosion resistance. The LV-1
composite coating has the highest low-frequency impedance
modulus (Z) and the largest radius of curvature compared with
other coating samples, indicating that the composite coating
under this condition has the best corrosion resistance and can
effectively prevent the diffusion of chloride ions into the
aluminum alloy substrate, thus reducing the corrosion rate of
the aluminum alloy substrate. The results are consistent with
the dynamic potential polarization curves (Table 3).
3.4 Tribological performance analysis

As shown in Table 4, the LN composite coating has a good
friction reduction effect, in which the LV composite coating
with vanadate loading achieves a further reduction in the fric-
tion coefficient. The coefficient of friction curve of AAO and
LDH composite coating is shown in Fig. 6a. The coefficient of
friction curve of AAO stabilized at about 0.85 aer a short rise.
At the beginning of the friction test, the relative motion of the
AAO substrate and the friction substrate occurred, resulting in
the generation of grooves and debris, larger surface roughness
values on the couple surfaces, smaller actual contact areas, and
severe adhesion at the contact points, this stage is called the
running-in wear stage, and the friction coefficient gradually
increased. As the test continues, the wear surface gradually
stabilizes and the friction coefficient remains at a stable value.
This stage is called the stable wear stage, where the wear is slow
and stable and the friction coefficient remains basically
unchanged. The friction coefficient curve of the sample with LN
coating showed a relatively stable friction coefficient curve,
which was attributed to the strong adhesion between LDH
nanosheets and AAO, the dense and smooth surface of the
coating, and the uniform distribution of LDH nanosheets,
which did not cause the LDH coating to break at the beginning
of the test, and as the test proceeded, the LDH coating began to
break, and the resulting debris adhered to the surface of the
friction pair while being fed back to the coating, and the friction
coefficient continued to remain stable without large uctua-
tions. The friction coefficient of the LV composite coating
loaded with vanadate at different reaction times shows that the
RSC Adv., 2023, 13, 14171–14180 | 14175
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Table 2 Dynamic potential polarization parameters of AAO substrate and LDH composite coating

Sample Ecorr (V/SCE) icorr (A cm−2) ba (mV dec−1) −bc (mV dec−1) Rp (U cm2)

AAO −0.85 2.159 × 10−7 76.53 100.32 8.73 × 104

LN −0.62 3.652 × 10−8 153.82 242.54 1.12 × 106

LV-0.5 −0.47 3.874 × 10−9 526.71 353.52 2.42 × 107

LV-1 −0.42 3.421 × 10−9 622.46 367.36 2.93 × 107

LV-1.5 −0.56 5.309 × 10−9 377.34 252.67 1.23 × 107

LV-2 −0.58 5.421 × 10−9 327.48 267.29 1.18 × 107
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friction coefficient drops sharply at the initial stage of wear, and
then enters a stable wear stage where the friction coefficient
remains at a relatively stable value. This is due to the ion
exchange reaction process that makes the LV composite coating
become loose and rough. At the beginning of the test, the
roughness is large and the friction coefficient is large. As the
test proceeds, the friction sub and the composite coating
gradually wear together, the surface of the coating gradually
becomes smooth and the friction coefficient starts to drop
sharply and remains stable. The friction coefficients of LV
composite coating loaded with vanadate at different reaction
times and LN composite coating showed large differences in
wear characteristics and values, among which LV-1 friction
coefficient was the lowest, indicating that the composite coating
Fig. 5 Equivalent circuits used to fit the EIS spectra of AAO substrate w
Bode plot, (c) Nyquist plot and (d) phase angle plot.

14176 | RSC Adv., 2023, 13, 14171–14180
prepared at this reaction time had the most excellent tribolog-
ical properties.

Fig. 6b shows the wear weight loss of AAO and LDH
composite lm layer under dry friction conditions. As shown in
the gure, AAO has the largest wear loss during the dry friction
test, which corresponds to the SEM photograph in Fig. 7a, the
AAO wear marks have a rough surface with more grooves, and
the peeling of the matrix surface layer makes the AAO lose the
most weight. The LV-1 composite coating has the lowest wear
weight loss, much less than that of the AAO matrix, which
indicates that the vanadate-loaded composite coating prepared
at a reaction time of 1 h has the best tribological properties. LN
composite coating has lower wear loss, however, compared with
LV, its wear loss is still slightly higher than LV composite
coating due to larger friction coefficient.
ith LDH composite coating (a) potentiodynamic polarization curve: (b)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The fitted parameters of EIS spectrum

Sample Rs (U cm2) CPEfp (mF cm−2) Rfp (U cm2) CPEfd (mF cm−2) Rfd (U cm2) Cdl (mF cm−2) Rct (U cm2)

AAO 11.382 8.375 × 10−8 1.263 × 103 — — 7.068 × 10−8 1.109 × 106

LN 8.296 2.356 × 10−8 3.531 × 103 6.226 × 10−8 2.576 × 103 2.942 × 10−8 4.662 × 106

LV-0.5 6.921 1.239 × 10−8 7.207 × 103 1.254 × 10−8 1.027 × 103 1.006 × 10−8 8.429 × 106

LV-1 6.872 1.031 × 10−8 7.656 × 103 1.387 × 10−7 9.635 × 102 1.027 × 10−8 8.531 × 106

LV-1.5 7.982 2.132 × 10−8 3.646 × 103 6.897 × 10−8 2.162 × 103 2.683 × 10−8 4.926 × 106

LV-2 8.062 2.148 × 10−8 3.703 × 103 6.821 × 10−8 2.187 × 103 2.733 × 10−8 4.903 × 106

Table 4 Coefficient of friction between AAO matrix and LDH
composite coating

Sample Friction coefficient
Reduction compared
with aluminium oxide/%

AAO 0.85 —
LN 0.35 59%
LV-0.5 0.18 79%
LV-1 0.10 88%
LV-1.5 0.18 79%
LV-2 0.21 75%
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From the calculation results in Table 1, we can see that the
interlayer channel height of LN composite coating used in
tribological experiments is 0.40 nm, while the interlayer
channel height of LV composite coating loaded with vanadate
are improved, and its LV-1 composite coating with a reaction
time of 1 h has the highest interlayer channel height of 0.47 nm.
Fig. 1 shows the two possible. The reason why the friction
reduction effect of LV composite coating is better than that of
LN composite coating is that it has a higher interlayer channel
height, which makes the upper and lower laminates of hydro-
talcite have a larger sliding space and facilitates the relative
sliding of the laminates. In the LDH structure, there is a strong
electrostatic attraction between the positively charged
hydromagnesite-like laminates and the interlayer anions, while
the vanadate anion enters the interlayer, which greatly increases
the interlayer distance of LDH and thus weakens the
Fig. 6 Friction coefficient curve of AAO and LDH composite coating (a)

© 2023 The Author(s). Published by the Royal Society of Chemistry
electrostatic attractive effect. As a result, with the increase of the
interlayer distance, the electrostatic attraction weakens, and the
LV low-intensity adjacent laminates are subjected to less resis-
tance during friction and slide more easily relative to each other
compared to LN.

The wear scar morphology and EDS analysis results of
alumina and its composite lm layer are shown in Fig. 7. As
shown in Fig. 7a, the alumina substrate has the largest abrasion
width, and the microscopic morphology of the abrasion surface
is rougher with more abrasion streaks and debris, which indi-
cates that abrasive wear is occurring on the alumina substrate,
which in turn is causing the surface layer of the alumina
substrate to peel off. Fig. 7b shows the surface microstructure of
the LN composite lm layer, the width of the abrasion marks in
Fig. 7b is signicantly smaller than that of the alumina matrix
and the coating surface shows larger fragmentation and split-
ting, which is due to the fracture caused by the steel ball sliding
on the coating surface, and the EDS results show that the
elemental content of Al is more at this time, but there is still the
presence of Mg, which proves that the frictional wear occurs at
the junction of the alumina substrate and the LDH lm layer.
Fig. 7d shows the microscopic shape of the wear surface of LV-1
composite lm layer, compared with Fig. 7a and b, the wear
surface of this coating is relatively at, without obvious frag-
mentation and debris, which indicates that this coating is soer
than the alumina matrix, and the coating surface is more
uniform, and as the wear proceeds, this coating can compensate
for the craters and defects caused by the wear, as shown in the
and abrasion loss weight (b).
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Fig. 7 Surface morphology of wear marks and EDS data of AAO (a), LN composite coating (b) and LV composite coating at different reaction
times: 0.5 h (c), 1 h (d), 1.5 h (e), 2 h (f).
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EDS analysis results, at this time the oxygen elements and
aluminum elements are 62.31% and 23.85%, and a small
amount of vanadium elements are found, which indicates that
during the process of wear, the steel ball does not completely
penetrate the coating, but the steel ball interacts with the
coating, and the coating interacts with the substrate and fuses
with each other in a process.

The reason why LDH reduces the coefficient of friction is that
during the wear process, LDH nanosheets rub against the
alumina substrate, generating squeezing pressure and high
temperature, and then the deformed LDH nanosheets combine
with wear debris to form a lubrication layer between the contact
areas, and as the LDHs nanosheets stored in cracks and pores
move to the surface as a complement, a continuous process of
disappearance and reconstruction of the lubricant layer is
produced in the friction wear test. Thus, LDH nanosheets as
a solid lubricant are applied to the surface to form a lubricating
layer, and the synergistic effect of the wear-resistant coating and
the nanosheets improves the wear resistance of the substrate.
4 Conclusion

In this paper, an anodic oxide layer was prepared on 1060
aluminum alloy by anodic oxidation method, and then LN
composite coating was grown on this coating by in situ growth
method, and subsequently the vanadate ion was introduced by
using the ion exchangeability between LDH layers, and LV
composite coating was prepared at different reaction times
(0.5 h, 1 h, 1.5 h, 2 h), and the corrosion resistance and tribo-
logical properties of LN and LV composite coatings were tested
and analyzed, and the effects of vanadate and reaction time on
the corrosion resistance and tribological properties of LV
composite coatings were discussed, and the main conclusions
were as follows.

(1) The prepared LN composite coatings were dense and
homogeneous, and the LDH nanosheets were in a unique uffy
shape, and the size of LV nanosheets decreased while the
coating surface became more dense aer the exchange with
vanadate ions.

(2) All the LDH composite coatings improve the corrosion
resistance and tribological properties of AAO substrate to
different degrees, and the LV-1 composite coating with 1 h
14178 | RSC Adv., 2023, 13, 14171–14180
reaction time has the best corrosion resistance, friction reduc-
tion and wear resistance, which has the best protection effect on
the aluminum alloy substrate.

(3) LDH as a solid lubricating lm to improve the friction
and wear reduction performance of AAO matrix is attributed to
two aspects, on the one hand, the synergistic action of LDH
nanosheets and alumina matrix to build a lubricating layer,
which is continuously disappearing and reconstructing during
the wear process; on the other hand, LV composite coating has
higher interlayer channel height, which will make the electro-
static attraction weaken, and the upper and lower laminates
have a larger sliding space, which is conducive to the relative
sliding of the laminates and reduces the relative sliding
resistance.
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